The human fetus receives passive immunity via the chorioallvltoic placenta in the form of maternal immunoglobulin G (IgG) dass antibodies. This provides protection against pathogens at a time when the fetus is immunologically naive. We localized endogenous human IgG using confocal lascr scanning fluotesccnct microscopy and immunoelcctmn miaoscopy of frozen sections of chorionic villi from early and late gestation. With confocal microscopy we also investigated the distribution ofa r e a p o r for IgG (RylU& CD16) that is typically c x p d on the s u k of human leukocytes. Endogenous IgG was pnscnt in the syncytiotrophob-lastthatsurrounds~onicvillibutundalying~trophoblast cells were dewid of endogenous antibody. FqRIII immunoreactivity was codmed to the syncytiotrophoblast 3, 1995; accepted April 11, 1995 (4A3508). and waa also absent from cytotrophoblast cells. W e propose that cytotrophoblast cells represent a barrier to the transd o n ofmatermlly dcdRdIgGlaoss the human placenta. port in the fust trimester when the syncytiotrophoblast is known to arpress receptors for IgG. Cytotrophoblast cells form an a l m m complete cpithcliallaycrundcdyiag the syncytiotrophoblast at this stage of gestation, but this b m e s discontiauous as the placenta manues, thus rcmcming the cellular impediment to IgG " i s d o n . (J Histoahem KEY "s: Human placenta; Cytotrophoblast cells; Immunoglobulin G, Immunocytochemistry; Immunoelectron microscopy; R receptors; Passive immunity.
Introduction
The immature immune system of the human fetus is compensated for by transmission of matemally derived immunoglobulin G (IgG), directed against currently prevalent pathogens, across the placenta to the fetal circulation (Nevard et al., 1990) .
Only IgG class antibodies are transmitted across the placenta (Pitcher-Wilmott et al., 1980; Chandra, 1976; Morel1 et al., 1970) . Transport is inefficient in the early stages of pregnancy but appears to increase suddenly beyond 22 weeks of gestation (Gitlin and Biasucci. 1969 ). This phenomenon occurs despite the observation that transport across early placental trophoblast does not appear to be rate-limited by a lack of specific IgG receptors (Gitlin and Gitlin, 1976) .
Three subtypes of receptor for the FE portion ofIgG (FtyR) have been demonstrated in the placenta (Bright et al., 1994; Kameda et d., 1991; Krktoffersen et al., 1990) . These molecules are typically ocpressed by human leukocytes (Anderson and Looney, 1986) .
Supported by grants from the MRC of the UK, the CEC, and an EMBO Short Term Fellmhip (ASTF 7549).
Present ad&:
Dept. of Clinical Biochemistry, U. of Cambridge, Addenbrooke's Hospital, Cambridge, UK.
Correspondence to: Dr. C. D. Oddeford, Dept. of Prc-Clinical Sciences, U. ofLeicester, PO Box 138, University Rd., kicester LE1 9HN. UK.
Expression of these receptor molecules by cells ofthe human placenta may indicate a potential role in the transfer of IgG.
The aim of this investigation was to determine the transplacental cellular pathway used to transport IgG from the mother to the fetus.
Materials and Methods
Tksue Prrppntion for Fluorcscene Miaoscopy. Term placentas (n = 14) obtained within minutes after elective cesarean section and samples of six first-trimester chorionic villi (8-10 wceks) from voluntary legal terminations of pregnancy obtained within minutes after suction curettage. were collected from the Leicester Royal I n f i i . Chorionic villi were gently dissected and fixed with 4% paraformaldehyde in 0.1 M PBS. pH 7.4. for 3 hr at room temperature (RT). The material was then snap-frozen in Tissue-Tek OCT embedding compound ( A p Scientific; Stansted, UK) mr a h aaneldry ice slush and stored in dry ice in a Lerose (-4O'C) freezer. Cryosections (7-10 Bm thick) were cut with a Lcitz cryostat and melted onto Flow Labs 1O-well multitest slides. A monoclonal antibody (MAb) directed against FkyRIII (Clone GRM-1, m o w IgG1, MCA741; Scrotec, Kidlington, UK) was diluted at a concentration of 1 pglml in PBS containing 5% non-immune goat s " (NGS G-9023; Sigma, Poole, UK) and 20-pI aliquots were immunoreacted with the time (mmight, 4'C). The sections were then d e d and a second-stage antibody, 1:100 biotinylated goat anti-mouse I g G (RF" 1177; Amersham, Little Chdfont, UK) in PBS containing 5% NGS, was applied (1 hr, 37'C). The tissue was again washed and the biotinylated antibodies were detected with 1:500 EmrAvidin con-933 jugated to fluorescein isothiocyanate (FIE, E-276 Sigma) for 1 hr at 37'C. Negative controls were performed by replacing first-stage antibodies with 1 pglml of purified mouse IgGl (MCA928; Serotec) in an identical buffer.
Endogenous IgG was localized with 1100 biotinylated F(ab)2 goat antihuman IgG (y-chain specific, B1518; Sigma) in PBS overnight at 4' C and subsequently localized by incubation with 1:500 ExtrAvidinlFITC (1 hr, 37°C). Control experiments were performed by omitting the primary antibody.
Double labeling ofw receptors and endogenous IgG was accomplished by incubating the sections with a 1100 dilution of FITC-labeled F(ab)z fragments of polyclonal rabbit anti-human IgG (ST-AR 9A; Scrotec) in 0.1 M PBS containing 5% non-immune rabbit serum (NRS) for 1 hr at 37'C.
The tissue was washed and 1 pglml of MAb anti-FcyRIII in 0.1 M PBS containing 5 % NRS was applied for 24 hr at 4°C. The mouse MAb was detected with 1500 TRITC-labeled F(ab)2 rabbit anti-mouse IgG (ST-AR 10; Serotec) for 1 hr at 37°C.
After thorough d i n g , tissue sections were mounted in photobleach retardant mountant (Citifluor; Agar Scientific) and examined with a Zciss Axiovert 10 inverted epifluorescence microscope equipped with a Bio-Rad Lasersharp MRC600 confocal laser scanning attachment (Bio-Rad; Hemel Hempstead, UK). Micrographs were recorded with a Sony U-P 3000 video printer.
Tissue prepvltion for Ultnstructud Immunocytochemistry. Small pieces of chorionic villi (~1 mmj) from term elective cesarean sections (n = 3) and first-trimester voluntary legal terminations of pregnancy (n = 3) were excised and fixed by immersion in 0.1 M PBS containing 4% paraformaldehyde and 0.1% glutaraldehyde at RT for 3 hr. The tissue was then washed with PBS (three times for 20 min), infused with 2.1 M sucrose in PBS (three times for 20 min), and frozen on copper stubs in liquid nitrogen.
Frozen tissue sections (-100 MI thick) were cut with a Reichert Ultracut S cryoulmmicrotome equipped with an FCS qochamber attachment (Leica;
Milton Keynes, UK). The temperature of the specimen was maintained at -1OO' C, the knife at -90°C. and the chamber at -1OO' C. Tissue sections were collected with a drop of 2.3 M sucrose, mounted on formvar-carbon-coated copper EM grids, and rinsed with 0.1 M PBS.
Immunolabeling of endogenous IgG in the ultra-thin frozen sections was performed by the protein A-gold technique (Slot and Geuze, 1983) . Briefly, the grids containing the tissue sections were transferred from PBS to 20-pl droplets of 50 mM NH4C1 in 0.1 M PBS for 10 min at RT to quench unreacted aldehydes. Nonspecific interactions were b l d e d by transferring the grids to 20-pl droplets of 10% fetal calf serum (FCS) for 10 min at RT and the sections were then immunoreacted with 5 p1 of 1:100 rabbit anti-human IgG (ST-AR 33; Serotec) diluted in 0.1 M PBS containing 5% FCS for 1 hr at RT. Control experiments were performed by replacing the specific primary rabbit antiserum with an equivalent dilution ofnon-immune rabbit serum. The grids were washed with 0.1 M PBS (five times for 3 min) and rabbit primary antibodies were detected with a 160 dilution of protein A conjugated to 10-nm colloidal gold (Department of Cell Biology, University of Utrecht) for 30 min at RT. Finally, the grids were washed with 0.1 M PBS (five times for 3 min) and rinsed with triple-distilled water (five times for 3 min). Tissue sections were contrasted and protected from air-drying artifacts by embedding them in freshly prepared methyl cellulose containing uranyl acetate (Tokuyasu, 1978) . Grids were then a l l w d to airdry and were stored at RT before observation in a Z c k EM10 transmission elmron microscope. Micrographs were Dken according to conventional procedures.
Quanutation of Gold Labeling. Areas on electron micrographs taken at random from labeled frozen tissue sections (Parton, 1994) were circumscribed by use of a DigiCad Plus graphics tablet and measured using a Kontron Videoplan image processing system. Counts of gold particles within these areas were used to deduce the number of particleslpd associated with one of seven defined tissue components. The number of gold particles overlying nuclei and mitochondria was used to define background. The data were then tested for statistical significance by use of Super A n m Software (Abacus Concepts Inc., version 1.11).
Tissue Preparation for Transmission Electron M i m p y . The methods used in the preparation of tissue for transmission electron microscopy have been described previously (Oddeford et al., 1993) .
Results

Immunofluorescence Labeling
Endogenous IgG was present in the syncytiotrophoblast of firsttrimester villi and was detected in low concentrations in the connective tissue core in some instances ( Figure 1 ). Cytotrophoblast cells showed no immunofluorescence immunoreactivity attributable to endogenous IgG ( Figure 2 ). Occasionally, where the cytotrophoblast layer had become dmontinuous in fmt-trimester tissue, the syncytiotrophoblast and associated endogenous IgG immunoreactivity penetrated between cytouophoblast cells as far as the basement membrane (Figures 2b and 2c ). Immunofluorescence investigations performed to localize the human leukocyte antigen EqRIII (CD16) demonstrated that this receptor epitope was expressed by the syncytiotrophoblast of chorionic villi. With Nomarski optics on villi sectioned in an appropriate plane, it became apparent that cytotrophoblast cells did not exhibit immunoreactivity to this antireceptor antibody (Figures 3a-3d ). However, where the syncytium extended between cytotrophoblast cells in first-trimester chorionic villi, this receptor was present.
By double labeling " 1 1 and endogenous IgG it was possible to demonstrate co-localization of the receptor with its ligand in the syncytiotrophoblast (Figures 3e and 3f ). Cytotrophoblast cells, which did not possess FryRIII, did not contain endogenous antibody. However, the resolution of the light microscope was insufficient to determine whether the receptor and its ligand were associated with the same subcellular organelles or with one another.
In the villi of term placentas, IgG was associated with the syn- There is evidence of endogenous IgG in the stroma (st) underlying these regions. Bars = 50 pm. , 1 935 U cytiotrophoblast, endothelial cells, fetal serum proteins, and much more extensively in the extracellular matrix of the villous core than in the first trimester ( Figure 4 ).
Transmission Electron Microscopy
"EM clearly revealed the morphology of the placental chorionic villi. In first-trimester villi the cytotrophoblast cell layer was usually continuous ( Figure Sa) . However, the syncytiotrophoblast occasionally penetrated between cytotrophoblast cells and contacted the basement membrane ( Figure 5b ). By term, cytotrophoblast cells formed a considerably interrupted epithelial layer underlying the syncytiotrophoblast (Figure 5c ).
Immunogold Labeling
By labeling endogenous IgG in ultra-thin frozen tissue sections with colloidal gold, it was possible to observe the high density of labeling associated with the syncytiotrophoblast. This was striking compared with the paucity of labeling associated with cytotrophoblast cells.
First-trimester Chorionic Villi. Cytotrophoblast cells did not demonstrate specific gold labeling (Figures ba-bc), consistent with the immunofluoresence microscopy. Variable labeling of endogenous IgG was achieved in the first-trimester villous core, indicating that some areas contained endogenous antibodies ( Figure 6b ) and some areas were devoid of endogenous antibodies (Figure 6c ). Where the ultrastructural distribution of endogenous IgG was examined in the syncytiotrophoblast, gold particles were associated with the apical plasma membrane (Figures 7a and 7b ), coated pits (Figure 7b ), coated vesicles (not shown), endosomal compartments (Figures 7a and 7b ), and lysosomal compartments ( Figure 7c ). These observations are consistent with receptor-mediated uptake of the ligand. Gold was also bound to the plasma membrane of uncoated vacuoles and vesicles up to -500 nm in diameter (Figure 7b ). Nuclei and mitochondria revealed negligible background levels of gold labeling. Control experiments, in which the tissue was incubated in the presence of non-immune rabbit IgG and subsequently with protein A-gold, yielded background labeling only (Figure 7d ).
Term Chorionic Villi. In term chorionic villi, gold labeling was associated with the syncytiotrophoblast and predominantly labeled the apical plasma membrane ( Figure 8A ), coated pits, and coated vesicles. Endogenous IgG was also identified in apical endosomal (Figure 8a ) and lysosomal compartments (not shown). In the villous core, gold particles were associated with the capillary serum proteins (Figures 8c and 8d ) and endothelial cells (Figure 8d ). Endothelial cell labeling was demonstrated in coated pits at the apical and basal surfaces and in coated vesicles within the cell. Occasionally, immunoreactivity was associated with lysosomal structures (not shown). Gold particles were also observed in endothelial caveolae and in large multivesicular bodies, but not in the intercellular spaces between adjacent endothelial cells (Figure 8d ). In addition, endogenous IgG was observed in association with the extracellular matrix of the villous core (Figures 8b and 8d ). Nuclei (Figures 8b and 8c ), erythrocytes (Figure 8c ), mitochondria (not shown), cytotrophoblast cells (Figure 8b) , and control experiments revealed a paucity of gold labeling, corresponding to background levels only.
Quantitation of Gold-labeled IgG. One-way analysis of variance (ANOVA) of the mean numerical density of gold particles (Au)/ pm2 overlying tissue components in electron micrographs of each placenta was performed (F = 75.04; df = 6, 23;p < 0.0001).
Post hoc comparisons between pairs of mean values of Aulpm'
using Fisher's protected least significant difference were made at the 0.01 level of significance.
Gold labeling associated with cytotrophoblast cells in firsttrimester and term chorionic villi was not statistically different from labeling of control preparations ( p = 0.98) or background (p = 0.99; Figure 9 ). In first-trimester chorionic villi, gold labeling over the syncytiotrophoblast was 25.6 times the labeling of cytotrophoblast cells, background, and control preparations ( p < 0.01; Figure   9 ) and 3.9 times higher than the extracellular matrix of the villous core (p < 0.01). Gold labeling associated with the villous stroma was 6.6 times higher than control or background counts (p < 0.01).
The variation in the labeling of the villous stroma at this stage of gestation, indicated by the large SEM, pertained to unusual local circumstances where gold labeling was intense underlying regions of contact between the syncytiotrophoblast and the extracellular matrix.
Labehg ofthe syncytiotrophoblast at term was 15.8 times higher than labeling of overlying cytotrophoblast cells, background organelles, and control preparations (p < 0.01) but was 1.6 times lower than labeling associated with first-trimester syncytiotrophoblast (p < 0.01). Labeling ofthe villous core at term was 26.7 times higher than cytotrophoblast cells, background, and control preparations ( p < 0.01) and 1.7 times higher than term syncytiotrophoblast (p < 0.01). 
Discussion
Immunoglobulin G Wood et al. (1982) first demonstrated the presence of IgG in human term trophoblast at the light microscopic level, and Leach et al. (1989 Leach et al. ( ,1991 demonstrated the localization of IgG in term chorionic villi at the ultrastructural level using enzyme histochemistry and gold labeling of frozen ultra-thin tissue sections. The results obtained in the present study confirm and extend their data. To our knowledge, this is the first report on the ultrastructural distribution of endogenous IgG in first-trimester chorionic villi.
In first-trimester placentas, IgG immunoreactivity was almost completely confined to the syncytiotrophoblast surrounding chorionic villi. The striking observation in these investigations was that cytotrophoblast cells underlying the syncytium did not contain endogenous antibodies. Occasionally, where the syncytiotrophoblast penetrated between cytotrophoblast cells and contacted the basal lamina, only the syncytiotrophoblast was immunoreactive. It was fascinating in these instances that low levels of IgG immunoreactivity could also be detected in the villous stroma underlying these regions. These observations suggest that the syncytiotrophoblast is responsible for transmission of IgG from maternal blood to the fetal connective tissue stroma and that cytotrophoblast cells may represent a barrier layer to this transport.
Because the immunocytochemical techniques used in this study are a static representation of a dynamic event, it is possible that IgG is rapidly cleared from cytotrophoblast cells and fails to accumulate, thus remaining undetected. This is not likely to be the case, since we would expect to be able to demonstrate an accumulation of IgG in the underlying villous stroma, as can be clearly seen underlying regions of direct contact between the syncytiotrophoblast and the basement membrane. Transport across the villous stroma is likely to rely on passive diffusion of the molecules. The continuous cytotrophoblast epithelial layer degenerates as the placenta matures (Kaufmann and Burton, 1994) and therefore there may be potential for increased IgG transport, since intervening cytotrophoblast cells may no longer impede the process. This hypothesis accounts for the paradox that IgG transmission is not rate-limited by a lack of Fc receptors in the early stages of gestation (Gitlin and Gitlin, 1976) and the increase in antibody transport observed around 22 weeks of gestation (Gitlin and Biasucci, 1969) when the cytotrophoblast cell layer becomes incomplete. The very low levels of antibody acquired in the first trimester may therefore be a result of localized areas of contact between the syncytiotrophoblast and the basement membrane. However, we cannot dismiss the possibility that this IgG arrives in the villous stroma as a consequence of nonspecific paracellular diffusion between cytotrophoblast cells of the chorion laeve (Bright and Ockleford, 1995) .
Antibodies were concentrated in the mesenchymal core of term chorionic villi, suggesting that they are efficiently transported to the fetal compartments. Intense immunoreactivity was associated with the serum proteins of fetal capillaries, suggesting that high concentrations of circulating antibodies contribute to the immunological protection of the fetus. Labeling of the syncytiotrophoblast at term was inconsistent. It is possible that regions of intense labeling were a consequence of residual cytotrophoblast cells preventing efficient transport across particular areas of the syncytiotrophoblast epithelium.
Quantitation of gold particles associated with tissue components in the human placentas confirmed qualitative observations of the heterogeneity of labeling. Cytotrophoblast cells demonstrated a paucity of labeling, which was not statistically significant from background levels or control preparations. This correlated with observations by fluorescence microscopy and supports the hypothesis that these cells exclude IgG. Gold labeling associated with the firsttrimester villous stroma paralleled immunofluorescence observations and demonstrated regions devoid of endogenous antibodies and areas that possessed a high degree of labeling. In addition, these observations may provide an indication of the developmental dynamics of IgG transport. In the first trimester, IgG may have accumulated in the syncytiotrophoblast because of the underlying cytotrophoblast layer, thus resulting in only low levels of detection in the villous stroma. However, at term, when the cytotrophoblast layer had become discontinuous, there was a significant reduction in labeling associated with the syncytiotrophoblast and a significant accumulation of IgG in the villous stroma, suggesting that antibodies had been efficiently transported across the trophoblast at this stage of gestation.
EyRIII
FcyRIII (CD16), the 50-70 KD low-affinity receptor expressed by granulocytes, some macrophages, and NK cells (Anderson and Looney, 1986) , was detected in the syncytiotrophoblast of firsttrimester and term villi, consistent with localizations obtained in previous studies (Kameda et al., 1991; Kristofferson et al., 1990) . We were unable to demonstrate immunoreactivity with this antireceptor antibody in cytotrophoblast cells, consistent with previous observations from our laboratory (Bright and Ockleford, 1994) that cytotrophoblast cells in the chorion laeve of term aminochorion did not express this receptor. Because the cytotrophoblast cells of the chorion laeve and chorion frondosum are continuous laterally at the edge of the disc of the placenta, there is apparently a complete shell of cells lacking transport potential.
However, FcyIUII is reported to possess measurable affinity for aggregated or multivalent IgG only (Anderson and Looney, 1986) . It is not clear at present if this characterized receptor, or an isoform bearing the epitope recognized by the MAb used in this study, is capable of effecting transepithelial transport of IgG. Recent compelling evidence for the presence of a human placental isoform of the MHC class I-like FcRn receptor, which is responsible for IgG transport in the suckling rat jejunum (Simister and Mostov, 1989) . has been described (Story et al., 1994) . The cellular and developmental distribution of this molecule in human placenta remains critically important to our understanding of transmission of passive immune IgG.
The present findings may have clinical significance. Attempts to promote immunity of the fetus by passive immunization of the pregnant mother will be restricted according to the class and subclass of antibody and the stage of gestation. Effective early passive immunization would need to be done by introduction of antibodies directly into the fetal compartment to bridge the cytotrophoblast barrier.
The clinical practice of administering intrapartum anti-Rh antibodies to the mother, aimed at preventing residual rhesus hemolytic disease caused by sensitization during pregnancy, could be altered to take advantage ofthe new fmdings, as immunization before the loss of continuity in the layer of cytotrophoblast cells would not be expected to cause damage to fetal erythrocytes. Originally, in the application of this technique there was believed to be a risk that higher doses of antibody within pregnancy could cause erythroblastosis fetalis iatrogenically (Loke, 1978) , and therefore intrapartum doses of anti-Rh antibody (145 wg; Buchanan et al., 1969) remained lower than those used postpartum (200-300 pg). It might be possible to increase these doses in the first trimester and to eliminate the group of conditions in which the anti& dose is thought to be inadequate to prevent sensitization by erythrocytes during blood-mixing events occurring early in pregnancy. However, in consideration of therapeutic strategies, we should remain aware that low levels of IgG are detectable in the villous stroma at this stage of gestation.
The observation that some infectious diseases that have only microorganism growth may be a result of the cytotrophoblast barrier to IgG ensuring that the placental parenchyma (stroma) is a suitable environment for their proliferation. This may correlate with the observation that placentitis occurring in the villi (villitis) is a condition that affects the stroma rather than the membranes (Fox, 1978) . Abnormally high concentrations of pathogens and their toxins may, of course, result in more extreme pathology in the conceptus.
In summary, it is evident that we must discriminate between cytotrophoblast cells and the syncytiotrophoblast when investigating transmission of IgG across placental trophoblast, as it appears that cytotrophoblast cells do not participate in the transport of antibodies. However, although the trophoblast is undoubtedly of foremost importance it should be recognized that transport does not end here, since immunoglobulins are likely to encounter FCy receptors expressed by mesenchymal cells, Hofbauer cells, and endothelial cells of the connective tissue core. Neither should we ignore alternative theoretical transport routes that may contribute to the IgG content of human fetal serum (Bright and Ockleford, 1994,1995) .
